Primary orthostatic tremor is a rare neurological disease characterized mainly by a high frequency tremor of the legs while standing. The aim of this study was to identify the common core structures of the oscillatory circuit in orthostatic tremor and how it is modulated by changes of body position. Ten patients with orthostatic tremor and 10 healthy age-matched control subjects underwent a standardized neurological and neuro-ophthalmological examination including electromyographic and posturographic recordings. Task-dependent changes of cerebral glucose metabolism during lying and standing were measured in all subjects by sequential 18 F-fluorodeoxyglucose-positron emission tomography on separate days. Results were compared between groups and conditions. All the orthostatic tremor patients, but no control subject, showed the characteristic 13-18 Hz tremor in coherent muscles during standing, which ceased in the supine position. While lying, patients had a significantly increased regional cerebral glucose metabolism in the pontine tegmentum, the posterior cerebellum (including the dentate nuclei), the ventral intermediate and ventral posterolateral nucleus of the thalamus, and the primary motor cortex bilaterally compared to controls. Similar glucose metabolism changes occurred with clinical manifestation of the tremor during standing. The glucose metabolism was relatively decreased in mesiofrontal cortical areas (i.e. the medial prefrontal cortex, supplementary motor area and anterior cingulate cortex) and the bilateral anterior insula in orthostatic tremor patients while lying and standing. The mesiofrontal hypometabolism correlated with increased body sway in posturography. This study confirms and further elucidates ponto-cerebello-thalamo-primary motor cortical activations underlying primary orthostatic tremor, which presented consistently in a group of patients. Compared to other tremor disorders one characteristic feature in orthostatic tremor seems to be the involvement of the pontine tegmentum in the pathophysiology of tremor generation. High frequency oscillatory properties of pontine tegmental neurons have been reported in pathological oscillatory eye movements. It is remarkable that the characteristic activation and deactivation pattern in orthostatic tremor is already present in the supine position without tremor presentation. Multilevel changes of neuronal excitability during upright stance may trigger activation of the orthostatic tremor network. Based on the functional imaging data described in this study, it is hypothesized that a mesiofrontal deactivation is another characteristic feature of orthostatic tremor and plays a pivotal role in development of postural unsteadiness during prolonged standing.
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Introduction
Orthostatic tremor is a rare disorder of unknown prevalence first described in 1970 (Pazzaglia et al., 1970) . It is characterized by a 13-18 Hz tremor primarily of both legs and the trunk while standing (Heilman, 1984; Deuschl et al., 1998) . Patients report a subjective sensation of unsteadiness and dizziness while standing and relief from the symptoms after sitting down or starting to walk. The symptoms frequently worsen during the course of disease, and many patients insufficiently respond to pharmacological treatment (Rodrigues et al., 2005; Mestre et al., 2012; Feil et al., 2015; Ganos et al., 2016; Hassan et al., 2016) . Deep brain stimulation in the ventral intermediate nucleus of the thalamus has been successfully applied in single patients with orthostatic tremor (Espay et al., 2008; Guridi et al., 2008; Coleman et al., 2016) .
Primary orthostatic tremor appears without evidence of any underlying structural cerebral disorder and has to be differentiated from secondary orthostatic tremor due to hypokinetic-rigid syndrome, restless legs syndrome, dystonia or cerebellar ataxia (Gerschlager et al., 2004; Piboolnurak et al., 2005; Mestre et al., 2012; Yaltho and Ondo, 2014) . Orthostatic tremor differs from other common tremor disorders by two features: its uniquely high frequency spectrum and specific modulation during upright stance (Elble and Deuschl, 2011) . The pathophysiological mechanisms underlying primary orthostatic tremor are not fully understood. Earlier neurophysiological and PET studies with only a limited number of patients pointed to a spontaneous central oscillator located in the pons or cerebellum Benito-Leó n et al., 1997; . However, several questions remain unanswered: does orthostatic tremor result from one tremor generator rather than an unstable network with oscillatory properties; is the tremor network intrinsic already in the resting condition; how can stance trigger oscillations and provoke clinical symptoms? Due to the rarity of orthostatic tremor, controlled group-based studies on its pathophysiology are lacking.
Therefore, the aims of the present study were (i) to identify the tremor network underlying primary orthostatic tremor by PET imaging; (ii) to depict its modulation during lying and standing positions in a group of orthostatic tremor patients compared to controls; and (iii) to thereby define possible target regions for non-pharmacological treatment of primary orthostatic tremor by deep brain or non-invasive brain stimulation. We hypothesized that the orthostatic tremor network already exists during rest, is triggered by sensory inputs during standing, and involves the cerebello-thalamo-cortical pathways already described for other common tremor disorders (Raethjen and Deuschl, 2012; Sharifi et al., 2014) .
Materials and methods

Examinations and scales
Ten patients with primary orthostatic tremor and 10 age-and sex-matched healthy control subjects were included in the study. Past medical and drug history was documented in detail. Orthostatic tremor patients reported an abrupt onset of unsteadiness during upright stance, which increased while standing still and disappeared during walking or sitting down. According to the currently accepted diagnostic criteria definite diagnosis of orthostatic tremor was made, when surface EMG showed a coherent tremor between homologous muscles of the right and left leg within a frequency range of 13-18 Hz during standing (Deuschl et al., 1998) . Subjects underwent a standardized neurological examination to exclude additional clinical signs indicative of secondary orthostatic tremor (i.e. hypokinesia, rigidity, dystonia, failure of gait initiation). Furthermore, a structured neuro-ophthalmological examination was performed. Brain MRI was done in each patient to definitely exclude structural lesions or atrophy especially in the brainstem and cerebellum. All subjects completed the Beck depression inventory and the dizziness handicap inventory.
Surface EMG recordings
Surface EMG recordings were made with Zebris DABBluetooth (Zebris Medical) using bipolar Ag/AgCl electrodes (Noraxon Inc.). The band width of the sampling frequency was 7-500 Hz. The sampling rate was 250 Hz for each EMG electrode. Although the sampling rate was not adequate for the pass band, the practical consequences are likely to be limited as the power content of EMG over 125 Hz is low. The obtained data were analysed with MATLAB software (MathWorks Inc., Natik, MA). In all subjects of the orthostatic tremor and control group surface EMG was recorded from the tibialis anterior and gastrocnemius muscles of both legs during lying and upright stance. (Krafczyk et al., 2006) . The sway path was analysed for x, y, and z directions. Fourier analysis was applied to quantify the distribution of frequencies in the frequency spectrum of body sway.
Standard protocol approvals, registration, and patient consent All subjects gave their informed, written consent to participate in the study. The protocol was approved by the Ethics Committee of the Ludwig-Maximilians-University of Munich in accordance with the Declaration of Helsinki.
PET imaging
All subjects were examined by 18 F-fluorodeoxyglucose positron emission tomography ( 18 F-FDG-PET) while standing upright. Centrally acting medication was discontinued 1 week before the examination. Each subject was scanned while in a fasting state 46 h (checked by means of blood glucose concentration). Blood glucose had to be below a threshold of 110 mg/dl (6.1mmol/l).
18 F-FDG was injected at the start of the 10-min standing period. The subjects were able to hold on to a balustrade during standing if necessary. Six of 10 orthostatic tremor patients did not use this support, the others only occasionally for short time intervals. Image acquisition started 30 min after tracer administration. This paradigm was chosen because the cerebral glucose utilization is known to be weighted to the first 10 min following 18 F-FDG injection and is integrative due to intracellular trapping of the tracer (Sokoloff et al., 1977; Ginsberg et al., 1988) . It therefore allows estimation of neuronal activation specific for the task performed right after 18 F-FDG injection. As a control condition a second PET scan was acquired for each subject following 18 F-FDG injection while lying flat with eyes open. The duration between scans was at least 2 weeks to avoid carry over effects. PET scans were acquired on an ECAT EXACT HR + PET scanner (Siemens/CTI). The 30-min emission recording was followed by a transmission scan using a rotating 68 Ge point source. Images were reconstructed as 128 Â 128 matrices of 2 Â 2 mm voxels by filtered back-projection using a Hann filter with a cut-off frequency of 0.5 Nyquist and corrected for random, dead time, scatter and attenuation. The reconstructed 18 F-FDG images were then transformed to NIfTI format for further processing. The slice thickness of the PET images was 2 Â 2 Â 2.4 mm (axial, coronal, and sagittal).
PET image analysis
Data processing and statistical analysis were performed using SPM8 software (Wellcome Department of Cognitive Neurology, London). All the reconstructed 18 F-FDG brain images were linearly coregistered to the corresponding MRI using automated algorithms. Anatomical brain MRIs were spatially normalized into the Montreal Neurological Institute standard template (MNI, McGill University, Montreal QC, Canada) using an affine transformation (12 parameters for rigid transformations) (Wright et al., 1995) , whose parameters were applied to the coregistered PET images. The spatially normalized images were then blurred with a Gaussian filter (full-width at half-maximum of 12 mm) to increase the signal-to-noise ratio. All scans were analysed after normalization to the white matter. The normalization prior to voxelbased statistics was done with an anatomic mask (centrum semiovale), which was used for all subjects, to remove the effects of the differences in the overall counts.
First, PET images were compared for the conditions standing versus lying in the orthostatic tremor and control groups. Second, the overall difference between the conditions standing versus lying in orthostatic tremor patients versus controls was calculated. Third, PET images were compared between groups of patients and controls for each condition (standing or lying) separately. Finally, a linear regression model with age, duration of disease, and total sway path during standing on firm ground with eyes open as covariates was applied to the orthostatic tremor group for standing and lying. For each analysis relative changes or regional cerebral glucose metabolism between conditions were calculated and considered significant if P 5 0.05 (FDR-corrected, for group-wised analysis) or P 5 0.005 (uncorrected, for correlation analysis).
Statistical analysis
Posturography data were collected and evaluated in MATLAB (MathWorks) (Krafczyk et al., 2006) . The statistical analysis of sway path and patient data was performed using Excel spreadsheet software (Microsoft, Redmond, WA). For unpaired testing the Mann-Whitney test was used. Differences were considered significant if P 5 0.05.
Results
Patient characteristics
Ten patients with primary orthostatic tremor were included in the study. The mean age was 69.9 AE 5.8 years (range 56-74). Mean duration of symptoms was 14.4 AE 6.0 years (range 7-23). All patients had been treated with different medications (gabapentin, primidone, clonazepam, pregabalin) (Table 1 ). An unsatisfactory treatment response was reported by 60% of the patients. Medication was discontinued during the course of the study to prevent overlay of treatment effects. Clinical neurological examination indicated mild cerebellar ocular motor abnormalities in all patients, most often saccadic smooth pursuit and gaze-evoked nystagmus. Further frequent findings were reduced vibration sense of the feet and postural instability in Romberg's test. None of the patients showed signs of hypokinesia, rigidity, dystonia or essential tremor. The dizziness handicap (Dizziness Handicap Inventory, DHI) and Beck Depression Inventory (BDI) scores were significantly higher in patients with orthostatic tremor compared to controls (DHI: 57.4 AE 19.1 versus 3.1 AE 1.1, P 5 0.0001; BDI: 14.7 AE 5.5 versus 1.5 AE 1.0, P 5 0.001).
Surface EMG and posturographic recordings
EMG recordings indicated that all patients in the orthostatic tremor group but no subject in the healthy control group had a coherent tremor of the right and left tibialis anterior muscle while standing upright with a frequency in the range of 13-18 Hz (mean frequency 14.5 AE 1.7 Hz). Importantly, no orthostatic tremor patient had tremor-like EMG bursts when lying supine (Fig. 1A) . Consistent with these EMG data, all orthostatic tremor patients but no control subject revealed a dominant frequency peak of 13-18 Hz during posturographic recordings (Fig. 1B) . Mean total sway path during stance on firm ground was significantly increased in the orthostatic tremor group compared to the control group (3.4 AE 1.9 versus 0.9 AE 0.1 m/ min, P 5 0.001).
Cerebral glucose metabolism in orthostatic tremor patients versus healthy controls
During standing versus lying healthy controls showed an increase of regional cerebral glucose metabolism (rCGM) in the bilateral posterior lobes of the cerebellum and vermis, the right posterolateral thalamus, left anterior cingulate gyrus, and left paracentral lobule. A decrease of rCGM was found in the secondary visual cortical areas (i.e. right cuneus, lingual gyrus and middle occipital gyrus) and right lateral primary motor cortex and a circumscribed area of the prefrontal cortex (i.e. superior frontal gyrus) (P 5 0.05, FDR-corrected, Supplementary Fig. 1 and Supplementary Table 1 ). While standing, orthostatic tremor patients had an rCGM increase in the bilateral anterior lobes and right posterior lobe of the cerebellum and bilateral presupplementary motor area, but an rCGM decrease in the anterior and posterior cingulate gyrus and secondary visual cortex (i.e. bilateral middle temporal gyrus) (P 5 0.05, FDR-corrected, Supplementary Fig. 2 and Supplementary Table 2) .
Comparison of standing versus lying in orthostatic tremor patients versus healthy controls revealed a significant overall difference in rCGM between the groups and the conditions in the pontine brainstem tegmentum, bilateral posterior lobes of the cerebellum (mainly the dentate nuclei and paravermal areas), ventral intermediate nucleus and ventral posterolateral nucleus of the thalamus and primary motor cortex (i.e. bilateral precentral gyrus and left paracentral gyrus) as well as in the right inferior frontal gyrus and left parahippocampal gyrus (P 5 0.05, FDR-corrected, Fig. 2 and Table 2 ). When only the supine condition was compared between the groups, a similar pattern of rCGM increase was found in orthostatic tremor patients including the pontine brainstem tegmentum, bilateral posterior lobes of the cerebellum (dentate nuclei and Overview of clinical characteristics of orthostatic tremor patients including neurological findings, medication and subjective sources for balance impairment, depression and anxiety. paravermal areas), ventral intermediate nucleus and ventral posterolateral nucleus of the thalamus and bilateral primary motor cortex (i.e. right precentral and left paracentral gyrus). It was, however, relatively decreased in the mesiofrontal cortex in orthostatic tremor (including the bilateral cingulate gyrus, right middle frontal and left medial frontal gyrus) (P 5 0.05, FDR-corrected, Fig. 3 and Table 2 ). Comparative analysis of standardized uptake values revealed an absolute decrease of mesiofrontal glucose metabolism by 15.5% in orthostatic tremor. Similar effects were found when the standing condition was compared between the groups: rCGM was relatively increased in the pontine tegmentum, bilateral posterior lobes of the cerebellum (i.e. mainly dentate nuclei and paravermal cerebellum), ventral intermediate nucleus and ventral posterolateral nucleus of the thalamus (right 4 left) and bilateral primary motor cortex (i.e. bilateral precentral gyrus and left paracentral gyrus), but decreased in the mesiofrontal cortex (i.e. parts of the medial prefrontal cortex, orbitofrontal cortex, supplementary motor area and anterior cingulate cortex), bilateral anterior insula and posterior cingulate cortex in orthostatic tremor (P 5 0.05, FDR-corrected, Fig. 4 and Table 2 ).
A correlation analysis revealed a decrease of rCGM in the mesiofrontal cortex with an increase of the sway path during standing on firm ground with eyes open in the orthostatic tremor group (P 5 0.005, Fig. 4 and Table 2 ). There were no further significant correlations of rCGM with age, duration of disease, or severity of symptom scales in orthostatic tremor.
Discussion
The major findings of this study are as follows: (i) orthostatic tremor patients exhibit increased activations in the pontine tegmentum, the dentate nuclei, vermal and paravermal parts of the cerebellum, ventral intermediate and ventral posterolateral thalamus, and the primary motor cortex; (ii) this ponto-cerebello-thalamo-cortical activations are already present in resting condition and are further activated during standing; and (iii) orthostatic tremor patients show a significant bilateral mesiofrontal glucose hypometabolism, which correlates with increased sway path in posturography. These data suggest that a cerebello-thalamo-cortical loop might underlie orthostatic tremor, which shows considerable similarities to other tremor disorders. Unique pathophysiological features of orthostatic tremor seem to be pontine tegmental activation, which could relate to high frequency characteristics of orthostatic tremor, and mesiofrontal deactivation, which seems to be closely connected to postural unsteadiness in orthostatic tremor.
Cerebral activation patterns in primary orthostatic tremor during rest and stance
The origin and exact pathophysiology of orthostatic tremor are still unknown. Older studies suggested that orthostatic tremor might be caused by a central generator located in the posterior fossa. Orthostatic tremor has been associated with lesions in the pons or with cerebellar atrophy (Benito-Leó n et al., 1997; Manto et al., 1999) . In addition, orthostatic tremor can be transiently reset by electrical stimulation over the posterior fossa, whereas peripheral stimulation is ineffective (Wu et al., 2001) . Previous PET imaging studies have shown that orthostatic tremor is associated with hyperactivity in the bilateral cerebellum . Recently, Muthuraman and co-workers (2013) described a widespread oscillatory network in orthostatic tremor during standing comprising primary and supplementary motor areas, primary sensory areas, the thalamus and cerebellum using dynamic imaging of EEG-EMG coherent source analysis. An increased connectivity of lateral and posterior cerebellar areas to the supplementary motor area was recently found in patients with orthostatic tremor by means of functional MRI-based connectivity analysis (Gallea et al., 2016) .
To the best of our knowledge, the present study is the first functional imaging study to show whole-brain activations and their modulation by body position in a group of orthostatic tremor patients. Increased cerebral activations were found in the pontine tegmentum, dentate nuclei as well as paravermal and vermal parts of the cerebellum, ventral intermediate and posterolateral thalamus, and primary motor cortex already in the absence of tremor during lying, which further increased during provocation of tremor in upright stance. Our results are in accordance with a study by Wills et al., (1996) , which described a bilateral cerebellar hypermetabolism in orthostatic tremor in the supine position without tremor and an additional contralateral activation of the thalamus and lentiform nucleus during provocation of high frequency upper limb tremor, triggered by stretching out one arm. These cerebral activation patterns agree with the known clinical finding that orthostatic tremor is not necessarily related to the upright body position, but can be modulated by load-bearing tasks also in the horizontal position (Boroojerdi et al., 1999) .
The interpretation of the cerebral activation patterns described in the present study comprises the methodological Figure 2 Comparison of cerebral glucose metabolism during standing versus lying in the orthostatic tremor and healthy control group. During standing compared to lying rCGM was relatively increased in the pontine brainstem tegmentum, dentate nuclei, paravermal and vermal cerebellum, ventral intermediate nucleus and ventral posterolateral nucleus of the thalamus as well as primary motor cortex in patients with orthostatic tremor (P 5 0.05 FDR-corrected). See Table 2 for a summary of areas of regional glucose uptake change including the anatomical labelling, Talairach coordinates (x,y,z), cluster size, Z-and T-scores and significance levels. 
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From top to bottom: regional cerebral glucose increases while standing versus lying in orthostatic tremor patients versus healthy controls (Fig. 2) ; regional cerebral glucose increases and decreases (below) while lying in orthostatic tremor patients versus healthy controls (Fig. 3) ; regional cerebral glucose increases and decreases (below) while standing in orthostatic tremor patients versus healthy controls (Fig. 4) . Anatomical labelling and Talairach coordinates (x,y,z) are presented together with cluster size, Z-and T-scores and significance levels. BA = Brodmann area; L = left; P = significance level of each cluster; post. = posterior; R = right; T = T-score; VPL = ventral posterolateral nucleus; Z = Z-score.
challenge that changes in glucose metabolism can similarly reflect the cause or the consequence of a disease process, or even indicate compensatory mechanisms. It has to be considered that even muscle afferent activity can result in cerebral activations via multiple subcortical and cortical projections (Wardman et al., 2014) . However, the ponto-cerebello-thalamo-primary motor cortical activations seem not to be simply the consequence of tremor as they were also found in the absence of synchronous muscle bursts during lying. It is more likely that the activated ponto-cerebello-thalamo-primary motor cortical loop is intrinsic and is triggered by changes in sensory feedback or central sensorimotor circuits during provocation. It is noteworthy that the oscillatory cerebral circuit in orthostatic tremor has a considerable overlap with brain regions that are active during standing, in particular the vermal and paravermal cerebellum, thalamus, and primary motor cortex ( Supplementary Fig. 1 ) (Jahn et al., 2004 (Jahn et al., , 2008 . Furthermore, this is the first report of evidence of pronounced mesiofrontal deactivation (i.e. medial prefrontal cortex, orbitofrontal cortex, supplementary motor area) in orthostatic tremor patients, more during standing than during lying. The anterior cingulate gyrus was activated in healthy controls but deactivated in orthostatic tremor patients during standing ( Supplementary Figs 1 and 2) . Interestingly, not ponto-cerebello-thalamo-primary motor cortical but mesiofrontal metabolism correlated with body sway, suggesting the importance of the latter for postural control in orthostatic tremor. Mesiofrontal dysfunction may impair interhemispheric coherence and thus play a When only the lying condition was compared between groups, rCGM was relatively increased in the pontine brainstem tegmentum, bilateral dentate nuclei and paravermal/vermal cerebellum, ventral intermediate nucleus and ventral posterolateral nucleus of the thalamus and primary motor cortex in orthostatic tremor. (B) During lying the rCGM was relatively decreased in the mesiofrontal cortex and left anterior insula in orthostatic tremor (P 5 0.05, FDR-corrected). See Table 2 for a summary of areas of regional glucose uptake change including the anatomical labelling, Talairach coordinates (x,y,z), cluster size, Z-and T-scores and significance levels. When only the standing condition was compared between groups, regional cerebral glucose metabolism (rCGM) was relatively increased in the pontine brainstem tegmentum, bilateral dentate nuclei, and paravermal/vermal cerebellum, ventral intermediate and ventral posterolateral thalamus and primary motor cortex in orthostatic tremor. (B) During upright stance the rCGM was relatively decreased in the mesiofrontal cortex (medial prefrontal cortex, parts of the supplementary motor area and anterior cingulate cortex) and bilateral anterior insula in orthostatic tremor (P 5 0.05, FDR-corrected. (C) Correlation analysis of glucose metabolism during standing and sway path in the orthostatic tremor group. A correlation analysis revealed a decrease of rCGM in the mesiofrontal cortex areas with an increase of the sway path during posturography in the orthostatic tremor group (condition: eyes open, firm ground). P 5 0.005, levels of sections are marked by MNI coordinates. See Table 2 for a summary of areas of regional glucose uptake change including the anatomical labelling, Talairach coordinates (x,y,z), cluster size, Z-and T-scores and significance levels. role in the well-known, but poorly understood phenomenon of increased unsteadiness in orthostatic tremor patients with a longer duration of standing (Fung et al., 2001; Muthuraman et al., 2013) . Mesiofrontal areas, namely the supplementary motor area and prefrontal cortex, play a critical role for postural balance control: a positive correlation was found between the postural taskrelated supplementary motor area activity and individual balance control in stroke patients (Mihara et al., 2012) . Our data, in line with the recent study of Gallea and colleagues (2016) , indicate that besides the involvement of the cerebellum particularly dysfunction of the supplementary motor area and prefrontal cortex might be directly correlated with postural instability. On the other hand, mesiofrontal hypometabolism could also be discussed as a correlate of non-motor features in orthostatic tremor: the significantly higher prevalence of anxiety and depressive symptomatology reported in our orthostatic tremor patients could underline this view (Table 1) . Confirming our data, recently significant deficits in attention, working memory and executive functions as well as personality changes with depressive symptoms and higher anxiety levels were found in other cohorts of orthostatic tremor patients (Gerschlager et al., 2003; Benito-Leó n et al., 2016) . Taken together, our imaging data would favour the view as orthostatic tremor being a multiple system disorder (Chandran and Pal, 2012) .
Functional imaging in orthostatic tremor and other tremor disorders-similarities and differences
The ponto-cerebello-thalamo-primary motor cortical activations in orthostatic tremor described here show striking similarities to the observed cerebral activations and oscillatory changes in other tremor disorders (Fig. 5) (Elble, 2013) . Both symptomatic tremor syndromes such as Holmes tremor due to midbrain lesions, cerebellar tremor due to lesions or atrophy, thalamic tremor due to lesions in the ventral intermediate and ventral posterolateral nucleus of the thalamus and primary tremor disorders such as essential tremor and Parkinson's tremor show cerebello-thalamo-cortical activations of different extent (Miwa et al., 1996; Kim, 2001; Seidel et al., 2009; Helmich et al., 2011; Raethjen and Deuschl, 2012; Elble, 2014) .
In essential tremor there is converging evidence from functional imaging studies (functional MRI, FDG-PET, MRIspectroscopy) that the cerebellar system is crucially involved in the pathophysiology (Colebatch et al., 1990; Jenkins et al., 1993; Wills et al., 1994; Bucher et al., 1997; Deuschl et al., 2000; Stolze et al., 2001; Louis et al., 2002; Pagan et al., 2003) . Bilateral cerebellar activations in the superior vermis and dentate nuclei are found already during rest without tremor (Colebatch et al., 1990; Wills et al., 1994; Boecker et al., 1996) . Under tremor conditions cerebellar activations are further increased and appear combined with activations of the red nucleus and thalamus (Wills et al., 1994; Hua and Lenz, 2005) . Functional imaging studies in Parkinson's tremor indicate a cerebello-thalamic circuit driven by pallidal dysfunction (Helmich et al., 2011 (Helmich et al., , 2012 . The tremor amplitude correlates with activity of the dentate nuclei and rostral parts of the cerebellum, the ventral intermediate nucleus of the thalamus and motor/premotor cortex (Helmich et al., 2011; Mure et al., 2011) .
Comparison of these functional imaging data in essential and Parkinson's tremor with activation patterns of our orthostatic tremor study clearly indicate that the cerebellothalamo-cortical pathways are critically involved in all these tremor disorders (Helmich et al., 2011; Mure et al., 2011) . that are activated by standing. According to the typical frequency spectrum defined in the 1998 Consensus Statement of the Movement Disorders Society, orthostatic tremor has a uniquely high tremor frequency. Similar frequency spectra are only known for pathological oscillatory eye movements. All listed tremors share a cerebello-thalamo-cortical network, whereas pathological oscillatory eye movements have rhythm generators in the pontomesencephalic tegmentum and cerebellum.
The striking overlap with results from EEG-EMG studies on cortico-muscular coherence reinforces the general principle of an intrinsic cerebello-thalamo-cortical circuit, which is activated under certain circumstances and then generates tremor.
The question arises as to how similar pathophysiological tremor networks in Parkinson's disease, essential and orthostatic tremor can cause distinct clinical tremor phenotypes. An explanation could be that the respective tremor generators differ in their oscillatory properties. Accordingly, tremor would arise from a nucleus with pathological spontaneous rhythmicity that drives the cerebello-thalamo-cortical circuit. In essential and Parkinson's tremor there is evidence from functional imaging that not the cerebello-thalamo-cortical loop alone causes tremor, but additional structures with oscillatory properties like the inferior olivary and red nucleus in essential tremor and the globus pallidus and putamen in Parkinson's tremor contribute to it (Hallett and Dubinsky, 1993; Helmich et al., 2011) . In essential tremor ventral pontine activations in the region of the pontine nuclei were reported (Schnitzler et al., 2009; Muthuraman et al., 2015) . In contrast, our orthostatic tremor imaging data show a characteristic activation of the pontine tegmentum, including the region of the mesopontine cholinergic system, which is functionally part of locomotor and postural control circuits (la Fougère et al., 2010) . Earlier a pontine tremor generator was also suspected to be instrumental in orthostatic tremor (Wu et al., 2001) . This view could be further strengthened by the fact that in clinical neurology oscillatory movements with a similarly high frequency like orthostatic tremor are only known for pathological oscillatory eye movements resulting from pontine tegmental-cerebellar dysfunction: opsoclonus (10-15 Hz), ocular flutter (10-15 Hz) or microsaccadic flutter (15-25 Hz) most likely are the result of disinhibition of saccadic burst neurons in the pontine tegmentum (Fig. 5) (Ashe et al., 1991; Ramat et al., 2008; Shaikh et al., 2008) .
Dynamic modulations of oscillatory circuits in orthostatic tremor
Oscillatory circuits are not static but intensely modulated by multimodal inputs, which may explain the phenomenological diversity of tremors. Thus, it would not primarily be (i) proprioceptive afferents from the muscle spindle or vestibular afferents from the labyrinths project to the cerebellum and thalamus (purple); (ii) cortical multisensory inputs to the primary motor cortex (green) affect transmission of oscillatory activation to motor efferent pathways (grey); (iii) key structures of the cerebral network of postural control, namely the cerebellum, the thalamus and prefrontal cortex areas (indicated as chequered areas) show a great overlap with the ponto-cerebello-thalamocortical areas involved in pathophysiology of primary orthostatic tremor. Deactivations in mesiofrontal areas important for postural control such as the medial prefrontal cortex (PFC), anterior cingulate cortex (ACC) and supplementary motor area (SMA) may contribute to uncoupling of coherence between the cerebral hemispheres and affect the oscillatory network via the primary motor cortex; and (iv) walking could reduce orthostatic tremor either by an alteration of proprioceptive feedback or a synchronization of hemispheric rhythmicity.
the topography but the dynamics and interaction within the oscillatory loops that determine the mode of the tremor (Wu and Hallett, 2013) . Accordingly, oscillatory circuits in orthostatic tremor already exist in the supine position, although a clinical tremor is not apparent. Upright stance triggers the oscillations, consequently causing clinical signs and symptoms.
How could upright stance modulate the oscillatory circuits in orthostatic tremor? Multiple sensory feedback loops to the spinal cord, brainstem, cerebellum, thalamus, and motor cortex are active during the control of head and body orientation in space. Altered proprioceptive afferents from muscle spindles and vestibular afferents from the labyrinths during transition to a vertical body position may modulate the cerebral oscillatory circuit activity. Furthermore, the cerebellum, thalamus, and prefrontal cortex are activated during upright stance (Fig. 6) (Jahn et al., 2004 (Jahn et al., , 2008 . This increased excitability in cerebral regions that overlap with the orthostatic tremor circuits could augment the oscillatory activity in the network. The cortical activations in our study primarily involve the leg area of the primary motor cortex, which may explain the characteristic expression of the tremor in the legs while standing.
Orthostatic tremor patients report two characteristic features, which further indicate task-dependent modulations of oscillatory circuits in this disorder: first, increase of subjective unsteadiness with the duration of standing; second, rapid interruption of postural unsteadiness by locomotion (Heilman, 1984; McManis and Sharbrough, 1993) . How could these phenomena be explained? One hypothesis assumes that the proprioceptive feedback from the periphery gets synchronized to the tremor pattern, thus increasing unsteadiness during prolonged standing (Fung et al., 2001) . Locomotion would disrupt this vicious circle by reset of proprioceptive input. An alternative explanation may be uncoupling of coherence between the bilateral cerebral hemispheres with longer standing, which was recently documented by combined EEG-EMG analysis (Muthuraman et al., 2013) . In this concept, walking may synchronize hemispheric rhythmicity and relieve the feeling of unsteadiness. In our study, only mesiofrontal (prefrontal cortex, supplementary motor area and anterior cingulate cortex) hypometabolism during prolonged stance strongly correlated with postural instability. Therefore, the question arises, whether unsteadiness in orthostatic tremor is not the direct consequence of tremor, but rather a deficit of postural control, which decompensates triggered by appearance of tremor during longer standing. In accordance with this view orthostatic tremor patients cannot use proprioceptive information appropriately to reduce tremor, which points to a deficit in the cerebral postural control system (Bacsi et al., 2005) . Moreover, postural instability caused either by galvanic vestibular stimulation or by leaning backwards elicited orthostatic tremor-like coherent 16-Hz bursts in a group of healthy subjects, which further supports the view of orthostatic tremor being a primary disorder of postural balance control (Sharott et al., 2003) . Functional imaging data in healthy controls indicate that frontal and prefrontal activation is more important for postural control during standing than during walking or running (Jahn et al., 2008) . This could partially explain why unsteadiness in orthostatic tremor is mainly present during standing and rapidly resolves during locomotion. In line with the concepts named above, it could be speculated that mesiofrontal dysfunction amplifies the awareness of proprioceptive feedback or impairs interhemispheric coherence.
Therapeutic implications
In general the response to treatment is poor in orthostatic tremor (Hassan et al., 2016) . Drugs such as clonazepam or gabapentin are widely used as first-line agents and have had some beneficial effects in small studies (Gerschlager et al., 2004; Piboolnurak et al., 2005; Rodrigues et al., 2005 Rodrigues et al., , 2006 . Occasionally primidone was reported to have a positive effect, whereas improvement lasted only a few months in other patients (van der Zwan et al., 1988; FitzGerald and Jankovic, 1991; McManis and Sharbrough, 1993; Gerschlager et al., 2004) . Alternative drugs used with varying benefit include beta-blockers, sodium valproate, carbamazepine, baclofen and phenobarbital (Gerschlager et al., 2004; Rodrigues et al., 2005) . In our study, 60% of the patients reported that their response to various medications was unsatisfactory.
Therefore, non-pharmacological treatment options have to be considered. Deep brain stimulation may be an option in severe, medically refractory orthostatic tremor. The literature reports on few cases of sustained benefit after bilateral thalamic deep brain stimulation in the ventral intermediate nucleus of the thalamus. The unsteadiness was successfully controlled over a period of 1.5 and 4 years (Espay et al., 2008; Guridi et al., 2008) . However, the clinical benefits in other patients undergoing unilateral thalamic deep brain stimulation diminished after 3 months (Espay et al., 2008) . A recent study reported a discrepancy of ventral intermediate thalamic nucleus deep brain stimulation effects in orthostatic tremor, which significantly improved subjective unsteadiness while the tremor remained unchanged (Magariñ os-Ascone et al., 2010). Controlled trials in a larger number of orthostatic tremor patients are needed to further assess the differential effects and therapeutic potential of this method in orthostatic tremor. Furthermore, the novel finding of mesiofrontal dysfunction related to postural unsteadiness could open new perspectives for therapeutic neuromodulation of these cortical areas (prefrontal cortex, supplementary motor area and anterior cingulate cortex) by transcranial stimulation.
Conclusions
This study identified ponto-cerebello-thalamo-primary motor cortical activations in primary orthostatic tremor, which was consistently found during rest and stance in a group of orthostatic tremor patients. Compared to other tremor disorders one characteristic feature in orthostatic tremor seems to be the pathophysiological involvement of the pontine tegmental area comprising high-frequency oscillatory properties. Multilevel changes of neuronal excitability during upright stance may serve as triggers for activation of the orthostatic tremor circuit. The study reports for the first time a mesiofrontal deactivation in orthostatic tremor and relates it to postural unsteadiness. These findings provide support for alternative treatment strategies in pharmacoresistant orthostatic tremor, in particular deep brain stimulation of the ventral intermediate nucleus of the thalamus (which was already applied to some patients with at least some success) and transcranial stimulation of mesiofrontal areas such as the prefrontal cortex and supplementary motor area.
